SYSTEMS AND METHODS FOR TREATING MOVEMENT DISORDERS 



Cross Reference to Related Applications 
[0001] This application is related to and claims the benefit of the filing date of co-pending 
provisional application Serial No. 60/420,769 (the *769 Application), filed on October 24, 
2002, The '769 Application is incorporated by reference. 

[0002] This application is related to copending applications U.S. Serial No. 09/659,351 (the 
'351 Application), entitled Adaptive Stimulator for Relief of Symptoms of Neurological 
Disorders, filed on September 12, 2000 and U.S. Serial No. 10/005,458 (the '458 
Application), entitled Movement Timing Stimulator, filed on November 2, 2001 . The '351 
and '458 applications are incorporated herein by reference. 

Technical Field 

[0003] The present invention relates to systems and methods for treating movement disorders. 
In particular, the present invention relates to systems and methods for relieving symptoms of 
Parkinson's disease. 

Background 

[0004] A movement disorder is a neurological disturbance that involves one or more muscles 
or muscle groups. Movement disorders include Parkinson's disease, Huntington's Chorea, 
progressive supranuclear palsy, Wilson's disease, Tourette's syndrome, epilepsy, and various 
chronic tremors, tics and dystonias. Different clinically observed movement disorders can be 
traced to the same or similar areas of the brain. 

[0005] Parkinson's Disease (PD) is a neurodegenerative disorder that affects approximately 
one percent of the population over age 50 and up to two and a half percent of the population 
over age 70. The hallmarks of the disease are its motor features - resting tremor, rigidity, and 
akinesia/bradykinesia (inability to initiate movement and slowness of movement, 
respectively) and postural instability. These hallmark features result in gait and postural 
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disturbances that impair performance during everyday tasks, such as walking, cooking, eating, 
personal hygiene and exercise. 

[0006] Gait abnormalities in PD are characterized by start hesitation, freezing, festination, 
reduced stride length and reduced velocity. The preferred walking speed is much lower for PD 
patients, as compared to controls, and this deficit can be accounted for by reduced stride 
length. Morris, et al, 1994). 

[0007] PD is characterized by movement dysfunction resulting from selective 
neurodegeneration of dopamine producing neurons of the substantia nigra pars compacta 
(SNpc). Accordingly, the mainstay of therapy involves pharmacologic interventions that 
replace dopamine, such as, levodopa and dopamine agonists. Surgical interventions, such as 
pallidotomy or deep brain stimulation (DBS) have been employed when symptoms can no 
longer be effectively treated with medication. Interestingly, postural instability improved with 
DBS in one small (n=6) study while instability was exacerbated by levodopa (Rocchi, et al, 
2002). 

[0008] While treatments for PD are primarily pharmacological, studies examining basal 
ganglia dysfunction in PD have led to the development of physical rehabilitative approaches 
for the treatment of motor symptoms, especially those related to the initiation and timing of 
motor acts (lansek, 1999). For example, one notable feature of PD is that the deficits 
associated with akinesia and bradykinesia are more pronounced during self-initiated actions in 
contrast to stimulus-initiated movements. The common scenario of 'paradoxical kinesia', 
where PD patients can move normally with correct external sensory cueing, is empirical 
evidence that even PD patients with advanced disease have the potential to execute normal 
movements (Glickstein & Stein, 1991). 

[0009] Auditory cues have been successfully employed for physical therapy and home based 
gait training (Freedland, et al, 2002; Enzensberger, et al, 1997; Morris, et al, 1994; Thaut, et 
al, 1996; Marchese, et al, 2000). Interestingly, periodic patterns of 0.625 hertz were most 
effective. Visual and electrical cutaneous cues have also been employed to improve gait and 
to initiate movement ((Morris, et al, 1994; Burleigh- Jacobs, et al, 1997). Patients frequently 
alleviate symptoms using external visual and auditory cues. These may include verbal 
conmiands given by a caregiver, auditory cues from a metronome, visual cues from laser 
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pointers or floor tile patterns or the placement of masking tape at equally spaced intervals to 
serve as a visual target for enhancement of stride. These non-pharmacological areas, however, 
remain in their infancy. Despite the use of physical therapies and other adaptive "tricks" by 
PD patients, there is a crucial need for systematic development of evidence-based physical 
treatments that will complement pharmacological (as well as neurosurgical) treatment 
strategies (Hildick-Smith, 1999). 

[0010] Postural stability is impaired in PD with abnormal postural sway in stance, reduced 
compensating force production in response to external perturbation, and higher tonic EMG 
background activity. Treatment with levodopa has been show to actually increase postural 
sway in the mediolateral direction (Rocchi, et al, 2002). This effect on postural sway, and, 
hence, postural instability, may not be detected ordinarily in clinical assessments of 
antiparkinsonian treatments since postural stability in this direction is not evaluated in the 
Unified Parkinson Disease Rating Scale (UPDRS) (Fahn & Elton, 1987), the accepted clinical 
scale for rating motor deficits in PD. PD patients fail to produce adequate force to compensate 
for large amplitude translational perturbations. These deficits are also accompanied by 
improper bursting of the antagonist muscle and increased tonic background activity (Horak et 
al, 1996). 

[0011] Postural instability and gait abnormalities may also be influenced by a hyper stretch 
reflex. PD patients demonstrate a centrally mediated hyper long latency stretch reflex to both 
passive and volitional reaction to an external displacement (Lee & Tatton, 1975; Johnson, et 
al, 1991). It has been suggested that this abnormal reflex may have a role in reducing stride 
length and force production, by truncating the action of the agonist while facilitating the 
antagonist. 

[0012] Further, magnetoencephalography (MEG) analysis has shown cortical oscillation at 
tremor frequency and double tremor fi-equency continuously present in the PD cortex 
(Volkmann, et al, 1996; Llinas, et al, 1999; Timmerman, et al, 2003). These oscillations do 
not always present themselves as rest tremor upon clinical exam and it has been suggested 
that they may have a role in bradykinesia by forcing movement to synchronize and fit within 
the temporal window of these oscillations. Thus, large amplitude excursions would be 
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truncated at the start of the next tremor cycle limiting range of motion and force production. 
These oscillations may also be responsible for bursting seen in quiet stance EMGs. 
[0013] Habituation is often a problem with conventional transcutaneous stimulation resulting 
in a reduction of perceived stimulation intensity. Conventional techniques used to minimize 
this habituation include bi-phasic stimulation pulses and amplitude modulation of the pulse. 
Amplitude modulation provides a pulse that appears to change in intensity; thus, the CNS 
continues to attend to this changing intensity. Lower pulse repetition rates (higher pulse 
periods) also reduce susceptibility to habituation. Conventional transcutaneous stimulation 
periods are typically 5-10 milliseconds. 

[0014] For the reasons stated above, and for other reasons stated below which will become 
apparent to those skilled in the art upon reading and understanding the present specification, 
there is a need in the art for improvements in techniques to provide patients affected with 
neurological movement disorders relief from the symptoms. 
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Summary 

[0015] The above-mentioned problems with treatment of the symptoms of neurological 
movement disorders and other problems are addressed by embodiments of the present 
invention and will be understood by reading and studying the following specification. 

[0016] A method of improving a patient's gait is provided. The method includes producing a 
plurality of stimulation prompts at a plurality of stimulation points using multiple stimulation 
channels, applying the plurality of stimulation prompts in a timed periodic fashion across the 
plurality of stimulation points, and activating a retum electrode whenever one of the multiple 
stimulation channels on an associated leg is active. The plurality of stimulation points is 
located symmetrically on each leg. The plurality of stimulation prompts are not synchronized 
with the patient's gait. Each of the multiple stimulation channels is associated with a 
stimulation electrode at one of the plurality of stimulation points. 

[0017] A method of relieving postural instability for an individual is provided. The method 
includes producing a plurality of stimulation prompts at a plurality of stimulation points using 
multiple stimulation channels, applying the plurality of stimulation prompts in a timed 
periodic fashion across the plurality of stimulation points, and activating a retum electrode 
whenever one of the multiple stimulation channels on an associated leg is active. The 
plurality of stimulation points is located symmetrically on both legs. Each of the multiple 
stimulation channels is associated with a stimulation electrode at one of the plurality of 
stimulation points. The plurality of stimulation points is associated with a plurality of 
muscles and contraction of the plurality of muscles is not coincident with the corresponding 
stimulation prompt. 
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[0018] A method of improving ami swing is provided. The method comprising includes 
producing a plurality of stimulation prompts at a plurality of stimulation points using multiple 
stimulation channels, applying the plurality of stimulation prompts in a timed periodic fashion 
across the plurality of stimulation points, and activating a return electrode whenever one of 
the multiple stimulation channels is active. The plurality of stimulation points is located to 
prompt arm swing. The plurality of stimulation prompts are not synchronized with the arm 
swing. Each of the multiple stimulation channels is associated with a stimulation electrode at 
one of the plurality of stimulation points. 

[0019] A movement timing stimulator system for the treatment of symptoms of Parkinson's 
Disease is provided. The system including one or more motion sensors adapted to detect one 
or more movement parameters of a patient, a control panel, a plurality of customized 
parameter setting menu, and an over voltage/current monitoring circuit. The system further 
includes a controller that receives signals from the one or more motion sensors, control panel, 
customized parameter setting menus, and monitoring circuit and determines when stimulation 
prompts are required for a desired treatment of symptoms and a plurality of cutaneous 
stimulation electrodes placed in the vicinity of motor points for timed periodic stimulation 
prompts, wherein the stimulation prompts are sequentially applied based on the desired 
treatment of symptoms. The plurality of stimulation prompts is produced using multiple 
stimulation channels and each stimulation channel is associated with a cue clock. The 
stimulation prompts are not synchronized with a patient's movement. The system further 
includes at least one retum electrode coupled to each of the plurality of stimulation electrodes. 

[0020] A method of reducing tremor for individuals having a movement disorder is provided. 
The method includes producing a plurality of stimulation prompts at a plurality of stimulation 
points using multiple stimulation channels, applying the plurality of stimulation prompts in a 
timed periodic fashion across the plurality of stimulation points, and activating a retum 
electrode whenever one of the multiple stimulation channels is active. The plurality of 
stimulation points is located to reduce arm tremor. The plurality of stimulation prompts are 
not synchronized with the tremor. Each of the multiple stimulation channels is associated 
with a stimulation electrode at one of the plurality of stimulation points. 
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Brief Description of the Drawings 

[0021] Figure 1 is a block diagram of an embodiment of a movement timing stimulation 
system according to the teachings of the present invention. 

[0022] Figure 2 is an illustration of one embodiment of stimulation pulses for a movement 

timing stimulation system according to the teachings of the present invention. 

[0023] Figure 3 is an illustration of one embodiment of a biphasic stimulation pulse for a 

movement timing stimulation system according to the teachings of the present invention. 

[0024] Figure 4 is an illustration of one embodiment of cue clocks for use with a movement 

timing stimulator according to the teachings of the present invention. 

[0025] Figures 5a and 5b illustrate one embodiment of electrode placement for improving gait 

according to the teachings of the present invention. 

[0026] Figures 6a and 6b illustrate two embodiments of electrode placement for relieving arm 
bradykinesia according to the teachings of the present invention, 
[0027] Figure 7 illustrates one embodiment of electrode placement for improving arm 
movement according to the teachings of the present invention. 
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Detailed Description 

[0028] In the following detailed description, reference is made to the accompanying drawings 
that form a part hereof, and in which is shown by way of illustration specific illustrative 
embodiments in which the invention may be practiced. These embodiments are described in 
sufficient detail to enable those skilled in the art to practice the invention, and it is to be 
understood that other embodiments may be utilized and that logical, mechanical and electrical 
changes may be made without departing from the spirit and scope of the present invention. 
The following detailed description is, therefore, not to be taken in a limiting sense. 

[0029] A noninvasive system for relieving bradykinesia and tremor in Parkinson's disease 
(PD) is disclosed. The system uses multi-channel electrical or mechanical stimulation 
prompts to facilitate movement in PD. In one embodiment, the system consists of a 
stimulation device with robust configurable parameters and the application methods for 
efficacy. In one embodiment, stimulation prompts are empirically derived timing patterns 
that have been demonstrated to alleviate symptoms of Parkinson's disease. Unlike previous 
systems (Prochazka Patent 5,562,707), the stimulation does not force muscle contraction and 
is not synchronized with the movement. 

[0030] Embodiments of the present invention provide a logical approach of externally 
augmenting sensory perception to compensate for impaired proprioception. In one 
embodiment, cutaneous electrical stimulation is used as a prompt for movement disorders. 
The application of periodic external stimulation prompts aids in restoring near normal 
movement. Embodiments of the present invention provide methods and systems of relieving 
PD symptoms through application of static or adaptive cutaneous electrical or mechanical 
stimulation applied to torso, limbs and extremities. In one embodiment, this therapy 
influences proprioception through stimulation of muscle spindle afferents and cutaneous and 
subcutaneous mechanoreceptors or afferents. In one embodiment, electrical stimulation of 
Golgi tendon and muscle spindle afferents affects the muscle stretch reflex of the stimulated 
muscle and through reciprocal innervation the fiisimotor drive of the myotatic unit. 

[0031] In one embodiment, cutaneous stimulation acts as a movement cue similar to visual or 
auditory cues. In some embodiments, it also reduces the stiffness of the myotatic unit through 
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muscle spindle afferents and inter-neurons while facilitating muscle contraction through the 
central nervous system. By facilitating agonist muscle contraction while inhibiting the 
antagonist through reciprocal inter-neurons, stimulation enables a more normal muscle stretch 
reflex. By applying stimulation in a timed periodic fashion across electrodes or transducers to 
stimulation points on the limb, the patient is presented with a pattern that is used to initiate 
and time movement. In some embodiments, rather than synchronizing with the cues, the 
patient uses the pattern to develop individualized timing. 

[0032] Embodiments of the present invention provide relief of PD symptoms including 
bradykinesia, rigidity, tremor, and postural instability through the application of topically 
applied sensory stimulation prompts at a plurality of stimulation points. Embodiments of the 
present invention also provide treatment as an intervention for neuropathy. 
[0033] Figure 1 is a block diagram of one embodiment of a movement timing stimulator 
(MTS) system shown generally at 100 according to the teachings of the present invention. In 
one embodiment, movement timing stimulator system 100 is battery operated. System 100 
includes a controller 108 that receives data from one or more sensors 107. In one 
embodiment, sensor 107 is a motion sensor such as a tri-axial accelerometer or the like. In 
one embodiment, sensor 1 07 adapted to detect one or more movement parameters of a patient, 
lack of movement, acceleration, deceleration, and the like. In another embodiment, sensors 
107 are as described in copending application U.S. Serial No. 09/659,351 (the *351 
Application), entitled Adaptive Stimulator for Relief of Symptoms of Neurological Disorders, 
filed on September 12, 2000. In another embodiment, sensors 107 are as described in 
copending application U.S. Serial No. 10/005,458 (the '458 Application), entitled Movement 
Timing Stimulator, filed on November 2, 2001. In one embodiment, MTS 100 is as described 
in the '458 Application. In an alternate embodiment, MTS 100 is as described in the '351 
Application. 

[0034] Controller 108 is the central control element of MTS system 100. In one embodiment, 
controller 108 is a low-power microcontroller. In another embodiment, controller 108 
receives data from electromyograph 105. In an altemate embodiment, controller 108 receives 
data from both one or more motion sensors 1 07 and electromyograph 1 05. Controller 1 08 



Attorney Docket No. 105.007US01 



9 



uses the data to control stimulation pulse selector 118 and stimulation voltage/current 
generator 122 to produce signals for transmission to stimulation electrodes and/or stimulators 
120. In one embodiment, electrodes 120 include one or more stimulation electrodes and 
retum electrodes. In one embodiment, one or more of the stimulation electrodes are 
electrical, mechanical and/or sonic stimulators and provide a plurality of stimulation prompts 
at a plurality of stimulations points using multiple stimulation channels. In one embodiment, 
controller 108 monitors stimulation electrode current and applied voltage for each stimulation 
pulse. In one embodiment, controller 108 monitors power to ensure that electrode power 
density is not exceeded per FDA specifications (FDA, 1999). 

[0035] In operation, stimulation is provided by electrical currents applied through stimulation 
electrodes 120. In another embodiment, stimulation is provided by pressure waves produced 
by stimulation electrodes 120. In one embodiment, stimulation electrodes 120 are mechanical 
vibrators or sonic transducers. In one embodiment, current for the stimulation prompts is 
approximately 10 milliamps. 

[0036] In operation, controller 108 generates the basic timing for stimulation waveforms that 
are used for stimulation prompts. Controller 108 also adjusts frequency, pulse-width, 
waveform shape, and amplitude based on sensor information and/or operator controls. For 
electrical stimulation, controller 108 also monitors stimulation electrode voltage and current, 
via over voltage/current monitoring circuit 124, to prevent exposure of the patient to 
uncomfortable stimulation levels. Controller 108 processes information from input signals 
received from display and control panel 116, customized parameter setting menus 109, 
motion sensors 107, electromyograph 105, synchronization interface 103, configuration 
control interface 106, over voltage/current monitoring circuit 124 or the like. In one 
embodiment, an individual wearing the device may adjust the controls to a comfortable level 
via control panel 116. Other parameters may be adjusted from control panel 1 16, a laptop 
computer or personal digital assistant via configuration control interface 106. Software 
embedded in system 100 performs adaptation of stimulation by stimulation electrodes 120. In 
operation, one or more motion sensors 107 are interrogated by controller 108 and the 
information is used to provide compensating stimulation signals. In one embodiment, 
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stimulation prompts may be in the fomi of cutaneous electrical or vibration stimulation 
provided by one or more mechanical or sonic transducers. In another embodiment, 
electromyograph 105 uses electromyography to detect bursting in the EMG. 

[0037] In one embodiment, stimulation voltage/current generator 122 produces the individual 
stimulation signals. In one embodiment, generator 122 is a constant voltage type with 
programmable current limiting. In one embodiment, voltage is also adjusted by controller 
108. In operation, by adjusting the value of the current limit, system 100 can effectively be 
used as a constant current or constant voltage source. 

[0038J In operation, synchronization interface 103 provides central clock synchronization 
allowing coordinated stimulation across multiple systems such as system 100. In one 
embodiment, at the beginning of each stimulation cycle, a short high frequency burst of low 
amplitude pulses are applied through stimulation electrodes 120. In one embodiment, this 
burst is decoded by each system 100 and used as a start marker for each stimulation cycle. 

[0039] In operation configuration control interface 106 is an external computer interface that 
allows control of device parameters. In one embodiment, configuration control interface 106 
is implemented as one of a wired, infi-ared or wireless link. 

[0040] In one embodiment, stimulation pulse selector 1 1 8 time division multiplexes the 
stimulation pulse to each stimulation channel. It is understood that other transmission 
techniques may be used instead of time division multiplexing. 

[0041] A stimulation channel may be selected as a stimulation output or as a return for a 
stimulation channel. Thus, many stimulation channels may share common return channels or 
stimulation channels may be paired. Pulses may be passed as either positive or negative going 
pulses; thus, mono-phasic, alternating phase and bi-phasic waveforms are supported. 
Stimulation signals are phased as non-overlapping pulses, preventing unwanted cross 
coupling of currents between stimulation electrodes when electrical stimulation is used. 
[0042] In operation, in one embodiment, the return electrode surface area is about 3 times the 
area of a given stimulation channel electrode. This results in a higher current density in the 
stimulation electrode. The perceived stimulation at the stimulation electrode site is thus larger 
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than the return electrode site. Therefore, the prompt is perceived at the stimulation electrode 
versus the return electrode site. Since the duty cycle is much higher for the return electrode, 
the larger surface area and associated reduction in current density also reduces the risk of skin 
irritation. 



[0043] Table 1 includes a number of amplitude and current programmable parameters and 
their functional description for system 100. 



Parameter 


Functional Description 


Pulse Amplitude 


The global amplitude level for each stimulation pulse. This may be adjusted 
through the front panel control. 


Amplitude 
Modulation 


Enables ramp of the amplitude over a given modulation interval. Ramp 
refers to the linear increase in pulse amplitude from "0" to the amplitude 
control setting over the modulation interval. At the end of the increasing 
interval the amplitude is ramped back to "0" over the same interval length. 
The cycle is then repeated. 


Binary 
Modulation 


Enables binary amplitude modulation over a given modulation interval. 
Binary amplitude modulation refers to alternating the pulse amplitude 
between 0.5X and l.OX over consecutive modulation intervals. "X" refers to 
the value of the amplitude control setting. 


Amplitude 

Modulation 

Interval 


The interval over which ramp or binary amplitude modulation is applied to 
the stimulation pulse. 


Stimulation pulse 
current limit 


The current limit to which the stimulation pulse is clamped on any given 
channel. 


Stimulation pulse 
current limit delta 
[n] 


A delta current limit value for each channel that in conjunction with the 
stimulation current limit allows a custom current limit for each channel [n]. 


Pair-wise 


Enables channels 1/2, 3/4, 5/6 and retum electrode 1 /return electrode 2 to 
operate paired such that current flows only between the electrode pairs. 


Return Select [n] 


Selects common retum 1 or common retum 2 as the common retum for each 
channel [n]. 



Table 1- Amplitude and Current Programmable Parameters and Function 



[0044] Table 2 includes a number of frequency related programmable parameters and their 
function description for system 100. 



Attorney Docket No. 105.007US01 



12 



Parameter 


Functional Description 


Stimulation pulse 
period 


The number of milliseconds between stimulation pulses on any given 
channel. As shown in Figure 2 for altemating phase, pulse period is 
measured from the rising edge of the first pulse to the falling edge of the 
pulse for the next cycle. As shown in Figure 3 for bi-phasic pulses, pulse 
period is measured from the falling edge of the first pulse to the falling edge 
of the pulse for the next cycle. 


Frequency 
Modulation Delta 


Enables ramp of stimulation pulse period over a given modulation interval. 
Ramp refers to the linear increase in stimulation pulse period from 
(stimulation pulse period - modulation delta) to the (stimulation pulse period 
+ modulation delta) over the modulation interval. At the end of the 
increasing interval the stimulation pulse period is ramped back to 
(stimulation pulse period - modulation delta) over the same interval length. 
The cycle is then repeated. This method provides frequency modulation of 
the stimulation pulse. 


Frequency 

Modulation 

Interval 


The interval over which frequency modulation is applied to the stimulation 
pulse. 


Random 

Frequency 

Modulation 


Enables random modulation of the stimulation pulse period. The Frequency 
Modulation Delta is used to set the upper and lower limits of the 
modulation. The Frequency Modulation Interval sets the rate at which the 
frequency changes. 


Stimulation pulse 
width 


The number of microseconds for which the stimulation pulse activates on 
any given channel. As shown in Figure 2 for altemating phase, pulse width 
is measured from the rising edge of the first pulse to the falling edge of the 
same pulse. As shown in Figure 3 for bi-phasic pulses, pulse width is the 
same for the negative going and positive going pulses within the same 
cycle. 


Stimulation pulse 
width delta [n] 


A delta stimulation pulse width value for each channel that in conjunction 
with the stimulation pulse width allows a custom pulse width for each 
channel [n]. 


Polarity and Burst 


Allows the selection of negative going, positive going, altemating polarity 
(Figure 2) or biphasic polarity (Figure 3) stimulation pulses. Also allows 
selection of a burst count for the number of pulses in each burst cycle. 


Burst count delta 
[n] 


A delta burst count value for each channel that in conjunction with the burst 
count allows a custom burst count for each channel [n]. 


Burst Modulation 


Allows the selection of modulation of the burst count. The modulation value 
is also specified which is summed with the global burst count 


Burst Modulation 
Interval 


The interval over which burst modulation is applied to the stimulation pulse. 


Stimulation cue 
interval 


The number of seconds for which the stimulation pulse is enabled on any 
given channel as shown in Figure 4. Note that the number of stimulation 
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pulses that actually occur during this interval is dependent upon the 
stimulation pulse period and the burst count. 


Stimulation cue 
delay interval 


The number of seconds between the end of the last cue interval and the start 
of the next cue interval as shown in Figure 4. 


Random cue 
delay 


Enables random delays between stimulation cues. The stimulation cue delay 
interval is used as the maximum delay. This is effectively random frequency 
modulation of the cue clocks. 



Table 2 - Frequency Related Programmable Parameters and Function 



[0045] Figure 2 is an illustration of one embodiment of stimulation pulses for a movement 
timing stimulation system such as system 100 of figure 1 . In one embodiment, the waveforms 
of figure 2 are applied to an electrical stimulation system. In another embodiment, the 
waveforms are applied to a pressure stimulation system. Although Figure 2 illustrates 6 
channels the discussion may be applied to a system having any number of channels. 

[0046] In this embodiment, an MTS system such as system 100 provides synchronized 
electrical stimulation through topically applied electrodes 220-1 to 220-6 across up to 6 
stimulation channels and two return channels. In one embodiment, over a given pulse period 
Ti each channel is sequentially pulsed. The pulse period Ti is the same for each channel, 
albeit offset in time from the other channels. In one embodiment, the pulse width P^i is the 
same for each channel. In an alternate embodiment, the pulse widths PI to P6 are 
independently adjusted for each channel. This will be ftirther discussed below with respect to 
Figure 3. In operation, on any given channel, the pulse polarity may alternate between 
sequential pulses as shown in Figure 2. In this embodiment, the pulses alternate polarity on 
every other pulse. In this embodiment, channel 1 starts with a positive going pulse during 
pulse period Ti and a negative going pulse during period T2. 

[0047] In operation, in one embodiment all stimulations channels use one of two common 
retum channels. One stimulation electrode 220-1 to 220-6 and one return electrode 220-R are 
active at any given time providing current flow between these electrodes. Since only one 
stimulation electrode 220-1 to 220-6 is active at any given time; no current flows between 
stimulation electrodes 220-1 to 220-6. When no stimulation pulse is active on a given 
channel, the channel floats in a high impedance state. Between pulses, all channels are tied to 
a common voltage disabled reference point. 
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[0048] Figure 3 is an illustration of one embodiment of a biphasic stimulation pulse according 
to the teachings of the present invention. In one embodiment, the waveforms of figure 3 are 
applied to an electrical stimulation system. In another embodiment, the waveforms are 
applied to a pressure stimulation system. Although Figure 3 illustrates 6 channels the 
discussion may be applied to a system having any number of channels and waveforms for 
stimulation by a movement timing stimulation systems such as system 100 of figure 1. 

[0049] In one embodiment, an MTS system such as system 100 provides synchronized 
electrical stimulation through topically applied electrodes across up to 6 stimulation channels 
and two return channels. Over a given pulse period Qi each channel is sequentially pulsed. 
The pulse period Qi is the same for each channel, albeit offset in time from the other 
channels. In one embodiment, the pulse width Pw2 is the same for each channel. In an 
altemate embodiment, the pulse widths P-1 to P-6 are independently adjusted for each 
channel. In an altemate embodiment, the pulse widths P-1 to P-6 are independently adjusted 
for each channel. In this embodiment, the biphasic stimulation pulse generates a negative 
going pulse for a pulse width PI and a positive going pulse after an inter pulse delay for a 
pulse width P2 within one pulse period QI . In this embodiment, the inter pulse delay is 100+ 
microseconds. The first pulse is negative going to facilitate depolarization. The second pulse 
provides charge balance. 

[0050] In operation, in both embodiments shown in Figure 2 and Figure 3, all pulse widths P- 
1 to P-6 may be independently adjusted for each channel. A pulse width delta, Pdx, may be 
specified for each channel producing a resultant pulse width PI = Pw + Pdl. 

[0051] In operation, in one embodiment all stimulations channels use one of two common 
retum channels. One stimulation electrode 320-1 to 320-6 and one return electrode 320-R are 
active at any given time providing current flow between these electrodes. Since only one 
stimulation electrode 320-1 to 320-6 is active at any given time; no current flows between 
stimulation electrodes 320-1 to 320-6. When no stimulation pulse is active on a given 
channel, the channel floats in a high impedance state. Between pulses, all channels are tied to 
a common voltage disabled reference point 
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[0052] In another embodiment, a monophasic mode may be selected whereby the pulses are 
the same polarity on consecutive pulses. 

[0053] For all pulse types, in one embodiment, a burst count may be selected resulting in 
multiple pulses on a given channel for each cycle. Since the pulses for each channel are time 
division multiplexed, the normal time division sequence is followed until the burst count 
number of pulses has occurred on each channel. Approximately 100 microseconds separate 
the pulses on consecutive channels. The burst rate for 6 channels is computed as l/(Sum of 
net channel pulse width + 600 microseconds) for non-biphasic pulses. For biphasic pulses, an 
additional 100 microseconds appears between phases and the burst rate is calculated as 1/(2 * 
Sum of net channel pulse width + 1200 microseconds). 

[0054] Site selection for a return electrode for a given stimulation electrode is determined by 
using a strategy that minimizes current flow through the torso. As an example, if three 
stimulation electrodes are placed on each leg, in one embodiment an individual return 
electrode would be placed on each leg to serve as the return for the ipsilateral stimulation 
electrodes. In some situations, it may be desirable to not use a common return electrode as 
the return current path. This may be the case when electrodes are placed around the thoracic 
area which could result in current flow through the torso. To avoid this situation, channels 
1/2, 3/4, 5/6 and return electrode 1 /return electrode 2 may be configured pair-wise such that 
channels 2, 4, 6 and return electrode 2 become the respective retum electrodes. Variations of 
this configuration are also supported whereby the lower numbered channels use a common 
retum while higher numbered channels stimulate pair-wise. 

[0055] In one embodiment, gating clocks referred to as cue clocks are implemented as shown 
in Figure 4. Cue clocks "A" and "B" are active during cue intervals CI . Cue clocks "Ql " 
through "Q4*' are active for half of a cue interval. The Cue Delay Dl is the time between the 
active phase of cue clocks "A" and "B". 

[0056] Each stimulation channel as shown in Figures 2 and 3 can individually be associated 
with a Cue clock. The stimulation pulses shown in Figure 2 are then active only when the 
mapped cue clock shown in Figure 4 is active. When channels 1/2, 3/4, and 5/6 are in pair- 
wise mode, the cue clock selection is disabled for channels 2, 4, and 6 as they are slaved to 



Attorney Docket No. 105.007US01 



16 



channels 1,3, and 5 respectively. In one embodiment, a higher resolution of cue clocks is 
provided by cue clocks "VI" - "V8". Cue clocks "VI" - "V8" are active for a fourth of each 
"A" and "B" cue interval. The "V" clocks are thus half of a "Q" clock. 

[0057] Multiple modulation schemes are applicable to improve efficacy. In one amplitude 
modulation scheme, the amplitude is linearly increased from 0 to the amplitude control setting 
over the modulation interval. In another amplitude modulation scheme, the amplitude 
alternates between the amplitude setting and half the amplitude setting over consecutive 
modulation intervals. In one embodiment, these amplitude modulation schemes reduce 
habituation. 

[0058] Inherent in the design and application of an MTS system such as MTS 100 described 
with respect to Figure 1 is the effective amplitude modulation resulting from phased 
activation of different electrodes. Since a given electrode will at most be enabled for a single 
prompt interval in each cycle, the prompt duty cycle for that electrode is less than 50% of the 
cue clock period. Thus, for a cue interval of 0.4 seconds and a cue delay of 0.2 seconds, a 
given cue will be active for 0.4 seconds and inactive for 0.8 seconds of the total 1 .2 second 
cue clock period. This is effectively amplitude modulation. 

[0059] Since MTS cueing stimulation periods are typically 12-20 milliseconds versus 5-10 
milliseconds for conventional transcutaneous stimulation, MTS is less susceptible to 
habituation. 

[0060] Frequency modulating the stimulation pulse period may also be used to reduce 
habituation. By linearly changing the period Tl shown in Figure 2 over parameter selectable 
interval and range, the stimulation frequency changes. The range may also be randomly 
versus linearly changed through parameter selection. 

Multi-Device Svnchronization 

[0061] To eliminate electrode wiring across limbs, it is desirable to have multiple MTS units 
with each attached to the ankle or wrist. Wiring can then be encapsulated in slip-on garments 
easing application for the patient or caregiver. However, in order to provide this capability, a 
mechanism must be provided to allow synchronization of multiple devices. 
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[0062] This synchronization is accomplished by producing a burst of ten, 5-10 microsecond 
pulses at the beginning of each stimulation pulse period indicating the beginning of a 
stimulation cycle. A discriminator in each MTS detects this synchronization pulse and starts 
the stimulation cycle. The burst is transmitted and received through the stimulation electrodes 
using the body as an antenna. The amplitude of these pulses is very low compared to the 
stimulation pulses - far below sensory threshold. Since the synchronization pulse period is 
very short compared to the stimulation pulse period, the synchronization burst can be easily 
discriminated from the stimulation pulses. 

[0063] Any MTS may be the master generator for the synchronization burst. When an MTS 
powers up, it monitors the discriminator to detect a burst. If no burst is detected within 1 
second after power up, it begins generating the burst. It then monitors for collisions and 
restarts the burst master detection cycle if a collision is detected. 
[0064] The present invention provides systems and methods for relieving bradykinesia, 
akinesia and freezing in Parkinson's Disease. In one embodiment, a stimulation pulse period 
of 14 milliseconds is applied as shown in Figures 2 and 3. This is significantly higher than 
the 40 HZ frequency normally used for neuromuscular electrical stimulation and ftinctional 
electrical stimulation and lower than the 100 HZ used for pain relief in transcutaneous 
electrical neural stimulators. In one embodiment, a cue clock period (2*cue interval + 2*cue 
delay) of 1 .2 seconds as shown in Figure 4 is employed. This is significantly lower than the 5 
to 20 seconds normally used for neuromuscular electrical stimulation and functional electrical 
stimulation. In combination the cue clock period and alternating patterns across multiple 
electrodes work well to relieve movement disorders. 

[0065] In one embodiment a method of improving gait is provided. One embodiment of 
settings for and placement of electrodes is as shown in Tables 3 and 4. 









Cue Period/2 


Channel 


Pulse Period 
(milliseconds) 


Pulse Width 
(microseconds) 


Pulse Type 


Cue interval 
(seconds) 


Cue Delay 
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1 


2 


3 


4 


5 


6 


14 
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0.4 
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A 


Q4 


B 


Q2 


V2 


V6 



Table 3 - Settings to Improve Gait 
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ni rzi 1 

II Leg 1 
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[Foot 


top 


■8 sq. in. rectangular 


right leg 
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top 


sq. in. rectangular 


I'left leg '] 




[anterior tibial 


^above knee 


!4^.00 sq. in. Oval 


-_iJ9!lv'--.9 _ ;: 
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[gastrocnemius {;below knee 


^^36 sq. in. oval 


Tight leg 


1 3 


(anterior tibial ^;above knee 


- SQ JIl- oval 


:jieft leg 


! 4 


jgastrocnemius [below knee 


;2.36 sq. in. oval 


_;ieftieg 


1 5 


[rectus femoris 


;below knee 


"""I^ZaesqTln. oval 


JJright leg ; 


1 6 


[rectus femoris 


[below knee 


HiS Se sq. in. oval 


IJeft leg ; 



Table 4 - Electrode Placement to Improve Gait 

[0066] In this embodiment, electrodes are placed on both legs at stimulation points in the 
vicinity of motor points and this is illustrated in Figures 5a and 5b. In one embodiment, a 
pulse period of 14 milliseconds along with a pulse width of 400 microseconds is used. In 
other embodiments, the pulse width is adjusted to provide a comfortable level of stimulation. 
Channel I is mapped to cue clock "A" and an electrode is applied to the anterior tibial of the 
right leg. Channel 2 is mapped to cue clock "Q4" and an electrode is applied to the 
gastrocnemius on the right leg. Channel 3 is mapped to cue clock "B" and an electrode is 
applied to the anterior tibial of the left leg. Channel 4 is mapped to cue clock "Q2" and an 
electrode is applied to the gastrocnemius on the left leg. The "V2" clock interval is assigned 
to Channel 5 and an electrode is applied to the rectus femoris on the right leg. The "V6" 
clock interval is assigned to Channel 6 and an electrode is applied to the rectus femoris on the 
left leg. 

[0067] In this embodiment, the cue interval of 0.4 seconds represents the amount of time that 
stimulation is applied for either the "A" or "B" clock phases configured to stimulation 
channels 2 and 4 respectively. The 0.2 second cue delay represents the amount of time 
between cue clocks "A" and "B" and between cue clocks "B" and "A". Using the following 
equation: 

[0068] Cue clock period = 2*cue interval + 2*cue delay = 2(0.2) + 2(0.4) = 1 .2 seconds 

[0069] The "V2" clock interval assigned to channel 5 is active for !4 of cue clock "A" 
resulting in an interval of 0.1 seconds. Channel 1 is active for the entire cue clock "A" 
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interval of 0.4 seconds. Channels 3, 4, and 6 provide symmetrical stimulation to the left leg 
with cue clocks selected opposite to the right leg. 

[0070] In this embodiment, stimulation electrodes each having a surface area of 
approximately 2.36 sq in are placed on both legs. A return electrode is placed on each foot 
each retum electrode having a surface area of approximately 8 sq in. In one embodiment, a 
return electrode is placed on the top of each foot. A retum electrode is active whenever a 
stimulation channel on the associated leg is active. This reduces current through the torso and 
provides a symmetrical retum path. 

[0071] The cue clock configuration provides sequential stimulation prompts to different 
muscles. The contraction of the muscle is not coincident with the stimulation prompt as 
would be the case with functional electrical stimulation. The cues are of insufficient 
amplitude to meet motor thresholds to induce contractions and are of inadequate duration to 
facilitate fused contractions. Unlike with functional electrical stimulation patients perform 
better when they do not attempt to synchronize with the cues. With the improvement of gait, 
patients are less fatigued. During evaluation patients have reported feeling less fatigued when 
using the MTS. This could be the result of Central Nervous System (CNS) controlled fused 
contractions of agonist muscles resulting in more uniform motion versus the choppy motion 
observed in PD. Uniform motion uses less energy. This is also counter to FES which results in 
fast fatigue of the muscles. FES facilitates contraction of fast fatigue muscle fibers first. This 
is contrary to the normal recruitment of slow fatigue muscle fibers first as is the case with 
normal CNS controlled muscle contraction. 

[0072] In one embodiment a method of improving balance is provided. In one embodiment, 
balance is improved by using the configurations used for gait improvement as described in 
Tables 3 and 4 and Figure 5 above. In one embodiment, these parameters work best for 
alternate action tasks such as tuming in a circle. 

[0073] In another embodiment, a method of improving balance for tasks requiring 
symmetrical contractions such as rising fi-om a chair or reaching, the settings for and 
placement of electrodes is as shown in Tables 5 and 6. 
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Table 5 - Settings to Improve Balance 
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j8 sq. in. jjRight leg ' 
■rectangular j 
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fanterior tibial ; 
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|2.36 sq. in. oval JjRight leg 
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[gastrocnemius jbelow knee 


j2.36 sq. in. oval |[Right leg ] 


3 lEanterior tibial ;|above l<nee 


(2.36 sq. in. oval 


[left leg i 
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[gastrocnemius ^[below l^nee 
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5 
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|2.36 sq. in. oval 


iRight leg 


6 


rectus femoris J[below knee 


|2.36 sq. in. oval 


[left leg 



Table 6 - Electrode Placement to Improve Balance 



[0074] In one embodiment a method of relieving arm bradykinesia is provided. Arm swing 
impairments are common in Parkinson's Disease and electrode placement strategies are 
focused on anticipated arm swing improvements. In one embodiment, electrode placement 
prompts flex at the elbow and arm swing at the shoulder. One embodiment of settings for 
and placement of electrodes is as shown in Tables 7 and 8. 
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Table 7 - Settings to Improve Arm Swing 
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)[above elbow 
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[brachioradialis 


j^below elbow 
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l.Shoulder (back) 


f2.36 sq. in. oval 
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[Posterior deltoid 


I^Shoulder (front) 


i|;2.36 sq. in. oval 
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Table 8 - Electrode Placement to Improve Arm Swing 

[0075] Figure 6(a) illustrates one embodiment of electrode placement for relieving arm 
bradykinesia having two electrodes A and B to prompt elbow flexion and extension. The arm 
swing is not synchronized with the stimulation prompts. In one embodiment, electrodes are 
placed on the arm at stimulation points in the vicinity of motor points and this is illustrated in 
Figure 6(a). 

[0076] Figure 6(b) illustrates an embodiment of electrode placement for relieving arm 
bradykinesia having four electrodes to prompt elbow flexion and extension and arm swing at 
the shoulder. One electrode is associated with cue clock "B" and is applied to the triceps 
prompts extension of the elbow to swing the arm back. Another electrode is associated with 
cue clock "A" and is applied to the brachioradialis and prompts flex of the elbow to facilitate 
swing of the arm forward. Two electrodes one associated with cue clock A and another 
associated with cue clock B are applied to the anterior and posterior deltoids, respectively, 
and prompt shoulder movement. In one embodiment, electrodes are placed on an arm at 
stimulation points in the vicinity of motor points and this is illustrated in Figure 6(b). 
[0077] Although the placement strategies have been described with respect to arm swing, 
these same movements are required for reaching, pointing, and elbow flex required for eating. 
The above described electrode placements will facilitate generic arm movements. 
[0078] In one embodiment, a conmion return electrode is utilized for both the left and right 
arms. In one embodiment, the common return electrode is placed on top of the shoulder. By 
placing the common return electrode on top of the shoulder, current flow through the torso is 
minimized. 

[0079] In one embodiment a method of improving arm movement and handwriting is 
provided. Arm movement impairments are common in Parkinson's Disease. These 
movements may be associated with drawing, handwriting or activities of daily living, such as, 
eating. One embodiment of settings for and placement of electrodes for improving arm 
movement is as shown in Tables 9 and 10. In this embodiment, electrode placement is 
focused on improving these arm movements. As discussed previously, in one embodiment. 
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the arm movement is not synchronized with the prompts as would be the case with functional 
electrical stimulation. 
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Table 9- Settings to Improve Arm Movement 
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1 Electrode Type || 
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1 
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[Top of hand 


2.36 sq. in. oval !| 
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[ulnar flexor 


Near motor point 
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[Brachioradialis 


.Near motor point 


?2.36 sq. in. oval 
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iTriceps 


i!Above elbow 
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[deltoid - medial 


^Near motor point 
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Table 10 - Electrode Placement to Improve Arm Movement 

[0080] Figure 7 illustrates one embodiment of electrode placement for improving arm 
movements having six electrodes 4- Qls and 2 - Q3s to prompt arm movement such as 
drawing, handwriting, or other activities of daily living. The arm movement is not 
synchronized with the stimulation prompts. In one embodiment, electrodes are placed on an 
arm at stimulation points in the vicinity of motor points and this is illustrated in Figure 7. 

[0081] In one embodiment, a method of electrode placement to reduce tremor is provided. 
One embodiment of settings for and placement of electrodes to reduce tremor is as shown in 
Tables 1 1 and 12. The method does not rely on forcing muscle contraction. As with the 
bradykinesia method, the stimulation prompts are not sjmchronized with movement or the 
tremor. In this embodiment, intensity settings are adjusted below motor threshold. One 
embodiment, of parameter settings are as shown in Table 1 1 . The cue selected is shown as 
"On". This indicates that the cue is active (On) whenever cue clock 'A' or 'B' is active. This 
produces an effective cue clock frequency of 1 .67 hertz. The frequency is below the 4-6 hertz 
rest tremor associated with Parkinson's Disease. 
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[0082] For clarity in location of electrodes, multiple channels are used to enable the 
stimulation electrodes as shown in Table 12. Since all stimulation electrodes are slaved to the 
same cue clocks, a virtual single stimulation electrode is realized that encircles the forearm 
below the elbow. In one embodiment, electrodes are placed on the arm at stimulation points 
in the vicinity of motor points. 
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Table 11- Settings to Reduce Tremor 
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Location 


1 LOC 


1 Electrode Type 
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[Back 


f8X) sq. in. rectangular 
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Brachioradialis 


|Near motor point 


!2.36 sq. in. oval 
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Pronator teres 


[Near motor point |2.36 sq. in. oval 
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Radialis brevis 


(Near motor point 


|2.36 sq. in. oval 
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Radialis longus 


|Near motor point 


|2.36 sq. in. oval 


5 


Extensor ulnaris 


jNear motor point 


[2.36 sq. in. oval 



Table 12 - Electrode Placement to Reduce Tremor 

[0083] Embodiments of the present invention provide adjunctive therapy to medication for 
movement disorders, relieve bradykinesia, symptomatic relief through on/off fluctuations, 
relieve start hesitation and freezing and the like. Embodiments of the present invention 
further helps patients focus on tasks for gait training in physical, facilitates exercise and the 
like. 

[0084] Embodiments of the present invention are not limited to cutaneous electrical 
stimulation, once application points for efficacy are identified stimulators planted under the 
skin to stimulate afferents are also employable. In one embodiment, the stimulators are 
controlled by a wireless link adjusting parameters and synchronizing stimulation. In contrast 
to deep brain stimulation stimulators planted under the skin to stimulate afferents would not 



Attorney Docket No. 105.007US01 



24 



be as invasive. The risks associated with brain surgery of cranial infection, hemorrhage or 
blindness could thus be avoided. 

[0085] In one embodiment, for electrical stimulation, it is anticipated that electrodes applied 
near motor points will provide the most effective placements. Stimulation levels will be most 
effective for relief of PD symptoms when stimulation facilitates central nervous system 
induced contraction of muscles associated with one or more stimulation points. 

[0086] Stimulation patterns and waveforms may be statically selected based on the task, such 
as, walking, writing, or pointing. Waveforms could also be modified based on input from 
extemal sensors. These sensors could be placed on the body to measure accelerations, 
orientation of different body parts relative to a gravity vector, and pressures associated with 
tactile and topical feedback. 
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Conclusion 

[0087] Embodiments of the present invention have been described. The embodiments 
provide movement-timing stimulators that aid in the relief of the symptoms of neurological 
movement disorders by providing sensing and stimulation at various locations of the body of 
a living subject. 

[0088] Although specific embodiments have been illustrated and described in this 
specification, it will be appreciated by those of ordinary skill in the art that any arrangement 
that is calculated to achieve the same purpose may be substituted for the specific embodiment 
shown. This application is intended to cover any adaptations or variations of the present 
invention. For example, although this technology is primarily being developed to relieve 
symptoms of neurological movement disorders, it has potential for application in other areas. 
These include symptomatic relief for other disorders, such as, Huntington's disease and 
rehabilitation therapy for neurological damage. Other applications may include incorporation 
into flight suits to prevent spatial disorientation of aircrew undergoing high acceleration 
maneuvers and potential for relieving symptoms of motion sickness. 
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